Introduction
============

Liver cancer is one of the most common and deadliest cancers globally [@B1]. Of all types of liver cancer, hepatocellular carcinoma (HCC) is known to be the most frequent primary liver malignancy, with a high incidence in Asia and sub-Saharan Africa, and increasing morbidity in the United States [@B2], [@B3]. In general, liver cancer is treated with common methods, such as surgical resection, liver transplantation, transarterial chemoembolization, systemic chemotherapy, and molecularly targeted therapies [@B4]. In addition, methods based on local thermal ablations, such as radiofrequency and microwave ablation, have seen increasing use as alternative strategies for HCC treatment, which have shown satisfactory therapeutic outcomes in selected candidates [@B5]-[@B7]. However, the aggressive thermal effect of local ablations may cause some undesirable complications, such as hepatic decompensation, bile duct injury, and extrahepatic organ injuries, *etc* [@B8].

Photodynamic therapy (PDT) has emerged as an alternative attractive local cancer therapeutic technique in recent years [@B9], [@B10]. In principle, PDT utilizes a combination of non-toxic photosensitizer (PS) and light to convert molecular oxygen within the malignant tissues to a range of highly reactive oxygen species (ROS), notably singlet oxygen (^1^O~2~), to achieve its therapeutic effect [@B11], [@B12]. The resultant ROS can directly induce cell death, indirectly disrupt tumor vasculature, and stimulate the host immune system [@B13]. Recent progress in PDT has witnessed the development and increasing use of certain variants of PDT, notably, the image-guided PDT in cancer treatment. In fact, image-guided PDT is versatile and affords a multitude of functionalities, such as visualization of the location of PS in tumor cells, tracking of the biodistribution and accumulation of PS at the targeted tumor tissue, and assessment of the therapeutic outcome through real-time monitoring [@B14]-[@B17]. The imaging modality of image-guided PDT can provide both a preoperative early diagnosis of cancer due to its high sensitivity and spatio-temporal resolution [@B18], [@B19], as well as an intraoperative guidance on the surgical margin of tumor and satellite tumor foci [@B20]. On the other hand, the PDT effect can kill potential metastatic tumor cells in surgical resection margin after light irradiation, while the secondary immunostimulation of the PDT effect can enhance the anti-tumor effectiveness and improve the overall prognosis of patients [@B12], [@B21].

Experimental studies have shown that PDT can effectively kill hepatoma cells and shrink tumor tissues [@B22]-[@B24], and clinical investigations have also revealed that PDT can prolong the survival rate in patients with inoperable cancers to significantly improve their life quality [@B25]-[@B27]. As the use of PDT enables enhancement of chemotherapy, radiosensitivity [@B28], [@B29], and immunostimulatory effects [@B12], [@B30], with minimal intrinsic or acquired resistance mechanisms, PDT serves as a valuable therapeutic option for combination treatments.

As an indispensable element of PDT, PS plays a crucial role in ensuring the successful implementation of PDT. Because of this, the design and functionality of PS have been continuously improved for decades [@B31]. For example, some PSs have been integrated with nano delivery systems to increase their overall therapeutic efficacy and reduce systemic toxicity [@B32]-[@B35]. However, a common problem of PSs, especially the most widely used porphyrin derivatives, lies in their high hydrophobicity and rigid planar structures, which can collectively cause them to form aggregates in aqueous media through π-π stacking [@B36], [@B37]. The formation of aggregates results in quenched fluorescence and reduced ROS generation that diminish the imaging quality and PDT efficacy [@B38]. Furthermore, this issue may be aggravated when the PSs are encapsulated into nanocarriers [@B15]. Therefore, it is highly desirable to develop a new type of PS exhibiting bright fluorescence and high phototoxicity upon aggregation formation.

Fluorogens with aggregation-induced emission characteristic (AIEgens) have emerged as a potential and versatile tool for various biological applications [@B39]-[@B41]. In general, AIEgens are almost non-emissive when they are molecularly dissolved, but they could be induced to emit bright luminescence in aggregate state due to the restriction of intramolecular motions [@B42]-[@B46]. These attractive properties have rendered them particularly suitable for the development of light-up bioprobes and AIE dots for biological sensing and imaging [@B47]-[@B50]. Recently, several AIEgens with phototoxicity have also been designed for bacteria and cancer ablation [@B14], [@B16], [@B51]-[@B55], These AIEgen-based PSs with high brightness and efficient ROS generation in aggregated state may find potential applications in imaged-guided PDT. In our previous study [@B17], a red fluorogen tetraphenylene derivative with typical AIE characteristics (TPETS) was synthesized for bioorthogonal labeling on cancer cells. Unexpectedly, the ROS generation was detected upon visible light irradiation due to the radical group of TPETS. However, the targeted accumulation and PDT effect in tumor tissue are easy to be disturbed by the complex environment *in vivo* because of no high efficient delivery for TPETS into tumor cells.

In this contribution, we further integrate TPETS into organic dots to develop targeted theranostic AIE nanodots for image-guided PDT. TPETS nanodots were prepared by the nano-precipitation method using 2-Distearoyl-*sn*-glycero-3-phosphoethanolamine-*N*-\[maleimide(polyethylene glycol)-2000\] (DSPE- PEG-Mal) as the encapsulation matrix. These nanodots were then modified with a hydrophilic and targeted peptide (cRGD) for easy uptake by integrin α~ν~β~3~ overexpressed cancer cells *via* receptor-mediated endocytosis [@B56]. **Scheme [1](#SC1){ref-type="fig"}** illustrates the overall treatment strategy using the targeted theranostic AIE nanodots in human HCC cell xenograft tumor model. Our nanodot design offers an excellent platform for image-guided PDT with great potentials for practical applications.

Results and Discussion
======================

Fabrication and Characterization of T-TPETS Nanodots
----------------------------------------------------

The TPETS was synthesized according to our previous report [@B17]. The TPETS nanodots were prepared by nano-precipitation method using DSPE-PEG-Mal as the encapsulation matrix. The encapsulation efficiency was calculated to be 92%. The obtained TPETS nanodots were further conjugated with thiolated cRGD (cRGD-SH) through a click reaction between maleimide and -SH, to yield the targeted TPETS nanodots (T-TPETS nanodots), which can specifically recognize cancer cells with overexpressed integrin α~v~β~3~ (**Figure [1](#F1){ref-type="fig"}A**). The conjugation rate of cRGD to the nanodots was calculated to be 86%. The hydrodynamic size of T-TPETS nanodots was evaluated using dynamic light scattering (DLS), which shows an average diameter of 68 nm. The diameters of T-TPETS nanodots in PBS or DMEM remain unchanged even after 7 days incubation at 37°C, indicating good stability of the synthesized nanodots at physiological conditions (**Figure [S1](#SM0){ref-type="supplementary-material"}**). The nanodots have a spherical morphology as imaged using transmission electron microscopy (TEM) (**Figure [1](#F1){ref-type="fig"}B**). The UV-Vis and photoluminescence (PL) spectra of T-TPETS nanodots are shown in **Figure [1](#F1){ref-type="fig"}C**, which have an absorption peak centres at 450 nm and an emission maximum peaks at 645 nm. The PLQY of as-synthesized T-TPETS nanodots was determined to be 0.18 using DCM as the standard. The ROS generation of T-TPETS nanodots was studied by measuring the absorbance decrease of 9,10- anthracenediyl-bis(methylene)dimalonic acid (ABDA) upon white light irradiation. As shown in **Figure [1](#F1){ref-type="fig"}D**, the decomposition of ABDA by T-TPETS nanodots is faster than that achieved by the widely used chlorin e6 (Ce6) PS, indicating that the T-TPETS nanodots could generate more ROS than Ce6 nanodots under the same light illumination condition.

Expression of Integrin α~ν~β~3~ in HCC
--------------------------------------

Restricting the expression of tumor-specific biomarkers for the selective delivery of therapeutic agents to tumor cells is required for cancer-targeted imaging and therapy, as well as reduction of systemic toxicity and undesired side effects [@B57]. Previous studies have reported the significant up-regulation of integrin α~ν~β~3~ in many solid tumors and endothelial cells of tumor vasculature, while this integrin upregulation is undetectable in most of the normal organs [@B58]-[@B60]. In addition, several surface-modified NPs targeting integrin α~ν~β~3~ have demonstrated satisfactory targeting effect [@B61]-[@B63]. These findings have revealed the potential of integrin α~ν~β~3~ as a promising target site for cancer diagnostic, imaging and therapy. To validate the overexpression of integrin α~ν~β~3~ in tumor tissues of HCC patients and tumor-derived cell lines, immunofluorescence and RT-qPCR were performed respectively. A significant up-regulation of α~ν~ and β~3~ mRNA was detected in HepG2 cells, while a low integrin α~ν~β~3~ expression was observed in the two control cell lines, i.e., MCF-7 cancer cells and L-O2 normal cells (**Figure [S2](#SM0){ref-type="supplementary-material"}**). Interestingly, the immunofluorescence results are in good accordance with the gene levels of the cells. Specifically, a strong integrin α~ν~β~3~ expression (green fluorescence) was detected from HepG2 cells, whereas the expression was low for both MCF-7 and L-O2 cells (**Figure [S3](#SM0){ref-type="supplementary-material"}**). Furthermore, immunofluorescence was used to test 20 pairs of human HCC and peripheral non-tumor tissues. The results clearly demonstrated that integrin α~ν~β~3~ was indeed highly expressed in 17 cases (85%) of randomly selected patient samples (**Figure [S4](#SM0){ref-type="supplementary-material"}**). Thus, the overexpression of integrin α~ν~β~3~ in HCC serves as a promising biomarker for the development of integrin α~ν~β~3~-targeted agents for potential theranostic applications.

Targeted Imaging and Subcellular Localization*in Vitro*
-------------------------------------------------------

To demonstrate the targeted imaging of specific cancer cells overexpressing integrin α~ν~β~3~, HepG2, MCF-7 and L-O2 cells were first treated with T-TPETS nanodots. After incubation with the nanodots (5 μg/mL) for 4 h, the cells were imaged using a confocal laser scanning microscopy (CLSM) with an excitation at 450 nm and a collection of fluorescent signals above 600 nm. As shown in **Figure [2](#F2){ref-type="fig"}A**, the red fluorescence emitted by the nanodots in HepG2 cells was much stronger than that in MCF-7 and L-O2 cells under identical conditions. Competitive binding assay was also performed to evaluate the specificity of T-TPETS nanodots towards HepG2 cells. As anticipated, HepG2 cells pretreated with integrin α~ν~β~3~ inhibitor (cilengitide) prior to nanodot incubation exhibited a dramatically reduced red fluorescence. This specificity was further evaluated based on the quantitative analysis of fluorescence intensity using flow cytometry, and the results are in well accordance with the previously obtained confocal images (**Figure [2](#F2){ref-type="fig"}B, C**). The higher accumulation of the nanodots in HepG2 cells (non-blocking) could be due to their higher integrin α~ν~β~3~ expression than that of normal cells, resulting in more nanodots uptake through the receptor-mediated endocytosis. To confirm the speculation that the cellular uptake of the nanodots can be attributed to endocytosis, LysoTracker Green, which is an acidophilic dye commonly used to localize lysosomes and endosomes, was added to the cells after they were treated with the nanodots. The overlay fluorescent signals from nanodots (red) and LysoTracker (green) reveals the endosome-gained entry of the nanodots into the cells (**Figure [2](#F2){ref-type="fig"}D**).

Hemocompatibility, Tumor Imaging, Biodistribution and Pharmacokinetics *in Vivo*
--------------------------------------------------------------------------------

Prior to *in vivo* applications, hemocompatibility assays were performed to evaluate the biocompatibility of T-TPETS nanodots. As shown in **Figure [3](#F3){ref-type="fig"}A**, no observable hemolysis occurs in both PBS (negative control) and nanodot solution under the studied concentration range and time. On the other hand, obvious hemolysis occurred in distilled water (positive control). To further study the impact of nanodots on red blood cells (RBCs), solution in each tube was used to make the cell smear to observe the morphological changes of erythrocyte. Similarly, no morphological change of erythrocyte was observed in the nanodot groups while erythrocytolysis occurred in the positive control as shown in **Figure [S5](#SM0){ref-type="supplementary-material"}**. This suggests that the nanodots are hemocompatible and can be administered intravenously for *in vivo* applications.

To demonstrate that the nanodots could achieve targeted tumor imaging *in vivo*, we established a HepG2 tumor-bearing mice model in order to examine both the biodistribution of the nanodots and their tumor imaging capability, using a non-invasive fluorescence imaging system. It was found that the nanodots tended to accumulate in tumor tissue as time elapsed, and reached a maximum signal-to-background ratio at 24 h post-injection. Although the fluorescence signal decreased with time due to metabolism, it was still observable even at 48 h post-injection (**Figure [3](#F3){ref-type="fig"}B**). Next, the tumor-targeting specificity of the nanodots *in vivo* was confirmed through a blocking study. As shown in **Figure [3](#F3){ref-type="fig"}C**, the uptake of the nanodots by tumor at 8 h post-injection was significantly inhibited by the pre-injection of integrin α~ν~β~3~ inhibitor (cilengitide, 100 μg). Meanwhile, in order to assess the fluorescence intensity of the tumor and other organs, the mice in both blocking and non-blocking groups were sacrificed and various organs and tissues were isolated at 8 h post-injection. The average fluorescence intensity of each harvested organ was measured for a semi-quantitative biodistribution analysis. As shown in **Figures [3](#F3){ref-type="fig"}D**,**E**, the biodistribution of the nanodots in normal organs is similar for mice in both the blocking and non-blocking groups. It is noteworthy that the average fluorescence intensity of the tumor tissues obtained from the mice without blocking is \~2-fold higher than that acquired from the cilengitide pre-treated mice. Next, to investigate the intratumoral microdistribution of the nanodots in mice with and without integrin α~ν~β~3~ receptor blocking, the nanodots were first intravenously administrated and the tumors were then harvested at 12 h post-injection. The nanodots were subsequently visualized in the tumor sections using a fluorescence microscopy. It was observed that the nanodots in the non-blocking tumor tissue were distributed throughout the tumor tissue and they were often concentrated in the perinuclear region of the cytoplasm (**Figure [S6](#SM0){ref-type="supplementary-material"}A**). This is consistent with the targeted imaging and subcellular localization *in vitro* (**Figures [2](#F2){ref-type="fig"}D**). In contrast, the blocking tumor tissue showed a more uneven nanodot distribution, with a high focal accumulation within the tumor stroma but a low accumulation within the tumor cells. To provide a quantitative assessment of this targeting effect, the uptake of the nanodots by tumor cells was measured by *ex vivo* flow cytometry. Following nanodot administration, the tumors of the mice with and without cilengitide pretreatment were disaggregated and suspended. The extent of *in vivo* nanodot uptake was then determined by flow cytometric quantification of the fluorescence intensity of the nanodots in tumor cells. As shown in **Figure [S6](#SM0){ref-type="supplementary-material"}B**, the uptake of the nanodots in non-blocking tumor cells is \~2-fold higher as compared to that in the blocking tumor, indicating a more effective endocytosis occurring in the non-blocking cancer cells. Together, these results demonstrate that both EPR effect (passive targeting) and receptor-mediated endocytosis (active targeting) contribute to the selective accumulation of the nanodots in tumor tissue, and active targeting significantly enhances the specific targeting of tumor *in vivo*.

It has been well documented that a longer blood circulation of NPs in bloodstream can provide a greater opportunity for them to accumulate in tumor tissues through EPR effect [@B64]. On this basis, pharmacokinetic study was performed to verify the prolonged retention of the nanodots in circulation. As shown in **Figure [3](#F3){ref-type="fig"}F**, the elimination half-life (t~1/2~) of the nanodots in circulation was calculated to be \~13.6 h, which provides sufficient time for the nanodots to accumulate in tumor tissue. This relatively long circulation time is attributed to the PEG grafting on the surface of the nanodots, through which non-specific protein adsorption in blood can be minimized and clearance by the mononuclear phagocyte system can be retarded [@B65], [@B66].

Phototoxicity *in vitro*
------------------------

We next investigated the ability of nanodots in ROS production upon light irradiation after cellular uptake. A commercial indicator, 2\',7\'-dichlorofluorescin diacetate (DCFH-DA), was employed as an indicator of ROS generation, which can be rapidly oxidized to highly fluorescent dichlorofluorescein (DCF) in the presence of ROS. After 4-h incubation with T-TPETS nanodots, DCFH-DA was loaded into the cells and followed by laser (450 nm, 250 mW/cm^2^) irradiation for 3 min. After 4 h incubation with T-TPETS nanodots (5 μg/mL), Strong green fluorescence was clearly observed inside HepG2 cells upon laser irradiation (450 nm, 250 mW/cm^2^) for 3 min while no obvious ROS was detected in cells without incubation or irradiation (**Figure [4](#F4){ref-type="fig"}A**).

Low cytotoxicity in dark conditions but high cytotoxicity upon exposure to light irradiation is essential for phototherapy. Quantitative evaluation of the cytotoxicity of the nanodot-mediated PDT on HepG2 cells was next studied using CCK8 assay. The cytotoxicity of the nanodots with different concentrations upon incubation with cells in dark condition and upon light irradiation but without nanodot incubation were first evaluated. After a 24 h incubation, it was observed that neither light irradiation, nor nanodot incubation alone induced significant cytotoxicity on HepG2, MCF-7 and L-O2 cells (**Figure [S7](#SM0){ref-type="supplementary-material"}**). However, when used in combination, cell viability decreased more quickly with increasing concentration of the nanodots or time of irradiation, indicating that the generation of ROS was concentration- and irradiation time-dependent (**Figures [4](#F4){ref-type="fig"}B**,**C**). These results show that the therapeutic efficiency can be regulated by controlling the laser irradiation time or the concentration of the nanodots. To better demonstrate the cytotoxic effect of PDT on HepG2 cells, calcein-AM/ propidium iodide (PI) staining post-exposure to PDT was performed to distinguish live and dead cells. As shown in **Figure [S8](#SM0){ref-type="supplementary-material"}**, an increase in cell death in time- and concentration-dependent manners was evident from the presence of red-stained cells, which indicates cell membrane damage. Quantitative analysis of selected microscopic fields at 12 h after PDT, in terms of cell counts expressed as percentage of live and dead cells, shows similar time- and concentration- dependent cytotoxicity in**Figures [4](#F4){ref-type="fig"}D, E**.

PDT can induce cell death through both apoptosis and necrosis [@B67]. To further investigate the association between cell death modality and PDT treatment conditions, in terms of nanodot dosage and laser irradiation time, flow cytometry was used to compare the proportion of apoptosis and necrosis. A decreased number of apoptotic cells (Annexin V-FITC positive, PI negative) but an increased number of necrotic cells (Aannexin V-FITC positive, PI positive) was observed with an elevation of the nanodot concentration and irradiation time, demonstrating a cell death transition from apoptosis to necrosis (**Figure [4](#F4){ref-type="fig"}F**). Morphological changes of cells were also observed at 12 h after PDT. More specifically, the occurrence of cell shrinkage, which is a hallmark of apoptosis, decreased while that of cell swelling, which is a hallmark of necrosis, increased with an elevation of either nanodot concentration or irradiation time (**Figure [S9](#SM0){ref-type="supplementary-material"}**). This is in good agreement with the results obtained from flow cytometry. These results indicate that the dominant cell death modality changes with variations in laser exposure time and nanodot dosage.

The Mechanism of Cell Apoptosis Induced by T-TPETS Nanodot Mediated-PDT
-----------------------------------------------------------------------

As nanodot-mediated PDT has been regarded as an effective modality to induce cancer cell death, there have been increasing interests in elucidating the underlying mechanisms of induced cell death, especially the mechanism of apoptosis. Many lysosomal targeting PSs have been reported to induce cell apoptosis through the mitochondria-mediated pathway (or intrinsic pathway). Considering that T-TPETS nanodots are also lysosomal targeting, we thus examined the involvement of mitochondrial apoptotic pathway in the HCC cell death induced by the nanodot-mediated PDT.

ROS generation and lysosome disruption, resulting in a leakage of lysosomal protease, serve as the first events inducing apoptosis. As shown in **Figure [5](#F5){ref-type="fig"}A**, a low intensity of PDT (5 μg/mL for incubation, 30 J/cm^2^ for irradiation) could induce rapid generation of ROS (upper row), through which the integrity of HCC cell lysosomes was disrupted, as observed from a decreased lysosome fluorescence (lower row). On the other hand, an exposure of HCC cells to light or nanodots alone did not affect the integrity of lysosome, while the addition of N-acetyl-L-cysteine (NAC, 5 mM), a ROS scavenger, could inhibit this process. These results suggest that the ROS induced by nanodot-based PDT could trigger a rapid destruction of lysosomes. The loss of integrity and release of cytochrome-c from mitochondria is the second event characterizing the mitochondrial apoptotic pathway. JC-1, a commercial fluorescence probe, was used to monitor the mitochondrial membrane potential, ΔΨ~m~, of HCC cells. In fact, ΔΨ~m~ was noted to decrease dramatically after the PDT process, while an exposure of the cells to light or nanodots alone did not change ΔΨ~m~ (**Figure [5](#F5){ref-type="fig"}B**). Western blot results showed that an exposure to nanodots or light alone did not trigger the release of cytochrome-c from mitochondria. However, PDT caused the cytochrome-c release from mitochondria to cytosol in a PDT dose-dependent manner, while the addition of NAC could inhibit this process (**Figure [5](#F5){ref-type="fig"}C**). The activation of initiator caspase-9, which then cleaves and activates downstream effector caspase-3, is the third event leading to the mitochondrial apoptosis. To determine whether caspases were activated, we measured changes in caspase-9 and caspase-3 activities in response to nanodot-mediated PDT using western blot analysis. As shown in **Figure [5](#F5){ref-type="fig"}D**, neither irradiation nor exposure to nanodot alone activated procaspase-9 or procaspase-3, whereas PDT resulted in the cleavage of procaspase-9 and procaspase-3, generating the activated fragment. All these results verify our hypothesis that the nanodot-based PDT induces apoptosis *via* a mitochondria-mediated pathway. Briefly, upon light irradiation, the preloaded lysosomal PS causes lysomal disruption, dispersion of lysosomal proteases throughout cytosol, mitochondrial membrane potential damage, release of cytochrome-c, and activation of downstream caspases (caspase-9 and caspase-3), which eventually results in an apoptotic morphotype [@B68].

PDT Study*in Vivo*
------------------

To confirm the antitumor efficacy of T-TPETS nanodot-PDT *in vivo*, tumor-bearing mice with similar tumor size of 60 mm^3^ were divided into four groups: (1) Negative control (PBS, 125 μL); (2) nanodots only (125 μL, 5 mg/mL); (3) laser only (450 nm, 250 mW/cm^2^, 10 min); (4) nanodots plus laser (450 nm, 250 mW/cm^2^, 10 min). As shown in **Figures [6](#F6){ref-type="fig"}A**,**B**, the injection of nanodots or laser irradiation alone could not inhibit tumor growth, which was similar to the result noted in PBS group. In contrast, PDT could significantly ablate tumors and retard tumor growth. Upon the completion of treatments, tumor tissues were collected and weighed, and the representative tumor tissues were imaged. As anticipated, significant difference was observed between the PDT group and other groups based on the tumor images and weight (**Figure [6](#F6){ref-type="fig"}C**). To further verify the antitumor effect of the nanodot-mediated PDT, histological changes and apoptosis levels of tumors were analyzed using both hematoxylin and eosin (H&E) staining and TUNEL assay, respectively, at 72 h after various treatments. As shown in **Figure [6](#F6){ref-type="fig"}D**, tumor cells in both the nanodot alone and laser alone groups were dense, which are similar to the ones in the PBS group. On the contrary, tumor cells in the PDT group displayed the greatest nuclei absence, suggesting that most tumor cells were destroyed during the PDT process. The apoptosis levels in tumors as revealed by TUNEL assay followed the same trend (**Figure [6](#F6){ref-type="fig"}D**). In addition, the mice in the PDT group had a significant extension of survival (*P* \< 0.01), as shown in **Figure [6](#F6){ref-type="fig"}E**. All these results suggest that the T-TPETS nanodot-mediated PDT serves as a powerful strategy for tumor ablation *in vivo*.

Systemic Toxicity Evaluation *in Vivo*
--------------------------------------

To assess the potential systemic toxicity of T-TPETS nanodots, 250 μL of the nanodots (5 mg/mL), which is the double dose of that used for PDT, was intravenously injected into healthy mice. No noticeable body weight loss was observed in the nanodots group as compared to the ones in the PBS group (**Figure [S10](#SM0){ref-type="supplementary-material"}**). For the blood biochemistry test, we focused on the hepatic and kidney function indicators, in terms of albumin (ALB), alanine transaminase (ALT), blood urea nitrogen (BUN), and serum creatinine (Cr). As displayed in **Figure [S11](#SM0){ref-type="supplementary-material"}**, no significant difference is observed from the levels of these markers between the two groups, indicating good hepatic and kidney safety profiles of the nanodots. To further evaluate their toxicity, especially the potential tissue damage, inflammation, or lesions caused by the nanodots, H&E staining examination was conducted. No pathological change was observed 7 days after the nanodot injection (**Figure [S12](#SM0){ref-type="supplementary-material"}**). Taken together, these results indicate that the nanodots are highly biocompatible in live mice, which is crucial for *in vivo* biomedical applications.

Conclusion
==========

In summary, we successfully developed smart organic nanodots based on a red emissive AIE PS for targeted image-guided PDT of HCC. This synthetic process was simple, straightforward, and effective. The nanodots exhibited high brightness and excellent ROS generation, as well as good biocompatibility and negligible dark toxicity.*In vitro* and *in vivo* experimental results revealed the excellent tumor-targeted imaging performance of the nanodots and their advantages in facilitating the image-guided PDT for robust tumor ablation. Detailed study on the apoptotic mechanism suggested that the nanodot-based PDT induced cell apoptosis through the mitochondria-mediated pathway. Overall, the studies comprehensively demonstrated the significant potential applications of these smart nanodots for image-guided PDT of HCC.

Materials and Methods
=====================

Materials
---------

1,2-Distearoyl-*sn*-glycero-3-phosphoethanolamine-*N*-\[maleimide(polyethylene glycol)-2000\] (DSPE-PEG2000-Mal) was purchased from Avanti Polar Lipids, Inc. (Alabaster, AL, USA). The photosensitizer (TPETS) was synthesized according to our previous report [@B17]. Thiolated cyclic (Arg-Gly-Asp-D-Phe-Lys(mpa)) peptide (c(RGDfK)) was customized from GL Biochem Ltd (Shanghai, China). Dulbecco\'s Modified Eagle\'s Medium (DMEM), fetal bovine serum (FBS), collagenase type IV and JC-1 were purchased from Thermo Fisher Scientific (Waltham, MA, USA). Trizol reagent was purchased from Life Technologies (Grand Island, NY, USA). PrimeScript RT Master Mix and SYBR Green PCR Kit were purchased from Takara Bio, Inc. (Kusatsu, Shiga, Japan). Primers were designed by Sangon Biotech (Shanghai, China). Monoclonal anti-integrin α~v~β~3~ antibody was purchased from Merck Millipore (Temecula, CA, USA). Antibodies to cleaved caspase-9, cleaved caspase-3, cytochrome-c, Cox-IV and β-actin antibodies were obtained from Cell Signaling Technology (Danvers, MA, USA). RIPA, ECL substrate, FITC-labeled anti-mouse secondary antibody, BCA protein assay kit, as well as mitochondria and nuclear protein extraction kit were purchased from Boster, Inc. (Wuhan, China). 9,10-anthracenediyl-bis(methylene) dimalonic acid (ABDA), 2\',7\'-dichlorofluorescin diacetate (DCFH-DA), FITC-Phalloidin, proteinase K were purchased from Sigma-Aldrich (St Louis, MO, USA). Cilengitide was purchased from Selleck Chemicals, Inc. (Houston, TX, USA). Cell Counting Kit-8 (CCK8) was purchased from Dojindo Molecular Technologies, Inc. (Mashikimachi, Japan). Annexin V-FITC/PI apoptosis detection kit and TUNEL apoptosis assay kit was purchased from Beyotime Biotechnology (Jiangsu, China). Calcein-AM/PI dual staining kit was purchased from Qcbio Science & Technologies (Shanghai, China).

Preparation and Encapsulation Efficiency of TPETS-loaded Nanodots (TPETS Nanodots)
----------------------------------------------------------------------------------

A THF solution (1 mL) containing DSPE-PEG- Mal (1.0 mg) and TPETS (0.5 mg) was poured into water (10 mL). This was followed by sonicating the mixture for 2 min at 12 W output using a microtip probe sonicator (XL2000, Misonix Incorporated, NY). The mixture was then stirred at room temperature overnight to evaporate the organic solvent. The nanodot suspension was further filtered with a 0.2 μm syringe filter to obtain TPETS nanodots. TPETS encapsulated in the nanodots was calculated by measuring the absorbance at 450 nm and comparing it with a standard curve. The encapsulation efficiency (%) was calculated as follows: encapsulation efficiency = \[amount of TPETS in the nanodots\]/\[total amount of TPETS used\] × 100.

Conjugation of cRGD to TPETS Nanodots (T-TPETS Nanodots)
--------------------------------------------------------

Thiolated cRGD was conjugated to the surface of TPETS nanodots (denoted as T-TPETS nanodots) according to the following procedure. First, TPETS nanodots were suspended in HEPES buffer (0.2 mg/mL) and incubated with excess thiolated cRGD at room temperature for 6 h. The cRGD-functionalized nanodots were then washed with Milli-Q water (3 mL × 3 times) by ultrafiltration (20,000 MWCO, Amicon, Millipore Corporation, Bedford, USA). The filtrate was next recycled to measure the conjugation rate of cRGD.

Determination of the Conjugation Rate of cRGD
---------------------------------------------

The cRGD concentration in the filtrate was determined using the HPLC system (Agilent 1200, USA). The mobile phase was a mixture of solvent A (0.1% trifluoroacetic acid in water) and solvent B (0.1% trifluoroacetic acid in acetonitrile) at a flow rate of 1.0 mL/min. The sample injection volume was 0.1 mL, and the detector wavelength was 214 nm. The conjugation rate was calculated using the formula: Conjugation rate = (cRGD~Total~ - cRGD~Filtrate~)/ cRGD~Total~ × 100%.

Detection of ROS in Solution
----------------------------

ROS generation was studied using ABDA as a ROS indicator, as the absorbance of ABDA decreases upon reaction with ROS. For ROS detection, the stock solution of ABDA in DMSO was mixed with T-TPETS nanodots (1 μg/mL) and exposed to white light irradiation (250 mW/cm^2^). The decomposition of ABDA was monitored through variations in absorbance.

Cell Culture
------------

MCF-7 human breast cancer cells and HepG2 human hepatocarcinoma cells were supplied by American Type Culture Collection. L-O2 human normal liver cells were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). The cells were cultured in DMEM containing 10% FBS and 1% penicillin streptomycin at 37 °C in a humidified environment containing 5% CO~2~.

Quantitative Real-Time PCR
--------------------------

Cellular total RNA was extracted using Trizol, and quantified using NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Thermo). The first strand cDNA was synthesized by reverse transcription from 0.5 μg total RNA with PrimeScript RT Master Mix. Quantitative real-time PCR was performed using a quantitative TAKARA SYBR Green PCR Kit. Each sample was set up in triplicate wells. The mRNA levels of the targeted genes were expressed with the 2^-ΔΔCT^method and normalized to GAPDH. Primer sequences are listed as follows: integrin alpha v forward primer: 5′-ATCTGTGAGGTCGAAACAGGA-3′, reverse primer: 5′- TGGAGCATACTCAACAGTCTTTG-3′; integrin beta 3 forward primer: 5′- GTGACCTGAAGGAGAATCTGC-3′, reverse primer: 5′-CCGGAGTGCAATCCTCTGG-3′; GAPDH forward primer: 5′-GGAGCGAGATCCCTCCAAAAT-3′, reverse primer: 5′- GGCTGTTGTCATACTTCTCATGG -3′.

Immunofluorescence Analysis
---------------------------

Twenty pairs of human hepatocarcinoma and normal liver tissues (3 cm away from tumor) were collected from patients in Union Hospital, Tongji Medical College, HUST (Wuhan, China). The study protocol was approved by the Medical Ethics Committee of the Tongji Medical College (IORG number: IORG0003571) and the study was performed in accordance with the declaration of Helsinki. Written consents were obtained from all individuals before surgery. Specimens were placed in liquid nitrogen and sectioned to 3 μm for assay. All specimen slices were incubated in 0.5% bovine serum albumin for 30 min to block non-specific antibody binding. The slices were stained using monoclonal anti-integrin α~v~β~3~ antibody (1:100) at 4 °C overnight. Slices were incubated with FITC-labeled anti-mouse antibody (1:200) in the dark for 1 h. DAPI (1:1000) was used to localize nuclei of cells.

Confocal Imaging
----------------

Cells were seeded and cultured in slide chambers overnight for adhesion and then incubated with nanodots (5 μg/mL) for 4 h. Cells were washed three times with PBS and fixed with 4% paraformaldehyde for 10 min. After permeabilization with 0.2% Triton X-100 for 5 min, cells were stained with 10 μg/mL of FITC-Phalloidin at 37 °C in the dark for 1 h. Nuclei were stained with Hoechst 33342 for 5 min. After washing three times with PBS, cells were subjected to imaging analysis directly using a laser confocal microscope (Nikon, Japan).

Quantitative Analysis of Nanodots Uptake by Flow Cytometry
----------------------------------------------------------

For *in vitro* experiments, approximately 1 × 10^5^ cells were seeded and cultured in slide chambers overnight for adhesion. After carefully washing with PBS three times, the cells were treated with nanodots (5 μg/mL) for 4 h. After incubation, the cells were washed three times with PBS and harvested after digestion with trypsin. The fluorescence intensity of the cells was determined by a flow cytometry (BD, CA, USA). For *in vivo* experiments, tumors were excised from mice with and without receptor blocking. Tumors from the non-treated animals served as controls. Tumors were mechanically fragmented, and treated sequentially with three portions of disaggregation solution (0.1% collagenase type IV, 0.01% hyaluronidase, and 0.003% DNase I in Hank\'s buffered salt solution) for 20 min at 37 °C with slow agitation. Following centrifugation at 4 °C, cell pellets were gently resuspended in cold PBS and centrifuged again. After three washes, cells were resuspended in PBS and strained through a 40 μm mesh (BD Falcon, CA USA). The cellular uptake analysis was performed directly using flow cytometry.

Co-localization between Nanodots and Lysosomes
----------------------------------------------

The cells were seeded in a 35-mm confocal dish and cultured in DMEM supplemented with 10% FBS overnight for attachment. Cells were incubated with nanodots for 4 h and stained with 1 mM Lysotracker Green. Hoechst 33342 was used to localize cell nuclei. Cells were washed and imaged by the above-mentioned confocal microscopy.

Hemolysis Assay
---------------

Blood samples (1 mL) obtained from BALB/c mice by heart puncture were diluted with 2 mL PBS. Red blood cells (RBCs) were separated from the serum by centrifugation at 2000 rpm for 10 min. After being washed for three times, the RBCs were then diluted with 10 mL of PBS. A suspension of RBCs (30 μL) was mixed with 120 μL of PBS (negative control), distilled water (positive control), and nanodots at different concentrations (50\~800 μg/mL). After incubating at 37 °C for 1 h, 2 h and 3 h, the mixtures were centrifuged at 12000 rpm for 10 min. The hemolysis images were collected and then the supernatants (100 μL) of each tube were added to a 96-well plate, and their absorbance at 570 nm was measured using a Multiskan GO Microplate Spectrophotometer (Thermo Scientific, USA).

Animal Tumor Model
------------------

All animal experiments were performed in compliance with the guidelines of the Animal Care Committee at Tongji Medical College, HUST (Wuhan, China). To establish tumor models, 1 × 10^7^ HepG2 cells were inoculated subcutaneously into the right front flanks of BALB/c nude mice. Tumor growth was measured using a caliper, and tumor volume was calculated using the formula: volume = ((tumor length) × (tumor width)^2^)/2.

*In Vivo* Fluorescence Imaging and Biodistribution Analysis
-----------------------------------------------------------

The tumor-bearing mice were established as described above. When the tumor volume reached 60 mm^3^, 125 μL of nanodots (5 mg/mL) were intravenously injected *via* the tail vein. For the blocking experiment, mice were injected with cilengitide (100 μg) 30 min before administration of the nanodots. Real-time fluorescence imaging was performed using an *In-Vivo* FX PRO (BRUKER, Germany) for preset times. Subsequently, the mice from the receptor blocking and non-blocking groups were sacrificed, and major organs (liver, kidney, spleen, heart, lung, brain, and intestine) and tumors were then collected. Fluorescence intensity of various organs and tumors of both groups (n = 3 in each group) were measured.

Intratumoral Microdistribution of Nanodots within Tumor Tissue
--------------------------------------------------------------

The tumor-bearing mice models were established as described above. The non-blocking mice were intravenously injected with 30 mg/kg nanodots while the blocking mice were preinjected with cilengitide (100 μg) 30 min before the administration of nanodots. Tumors were excised from the mice and frozen by placing them in liquid nitrogen. Frozen tumors were cut into 3 μm sections for fluorescent assays. Before observing with a fluorescence microscope, sections were fixed with 4% paraformaldehyde for 10 min and nuclei were stained with DAPI for 5 min.

Pharmacokinetics Study of Nanodots
----------------------------------

For pharmacokinetics study, about 100 μL blood samples of the mice were obtained at 1, 2, 4, 6, 8, 12, 24 and 48 h after intravenous injection of nanodots. The blood samples were then solubilized with lysis buffer (RIPA), and subjected to ultrasound for 5 min. The fluorescence intensity of the solution at 645 nm was recorded using a microplate reader (EnSpire™, Perkin Elmer, USA). Thereafter, the data for the relevant pharmacokinetic parameters were analyzed using a non-compartment elimination model. The half-life of the nanodot was calculated by the WinNonlin v.5.1 software (Pharsight Inc., Mountain View, CA, USA).

Intracellular ROS Detection
---------------------------

Intracellular ROS production was assessed by commonly used probe DCFH-DA according to the manufacturer\'s instructions. After incubation in the presence and absence of the nanodots for 4 h, cells were incubated with 1 μM DCFH-DA at 37 °C for 30 min in the dark. Cells were washed twice with PBS and then exposed to laser irradiation at the power density of 250 mW/cm^2^. Fluorescence from DCF was observed using fluorescence microscope (IX71, Olympus, Japan) after irradiation.

Cytotoxicity Study
------------------

Cell viability after different treatments was evaluated using CCK8 assays. Cells were first incubated in the presence or absence of nanodots for 4 h in the dark, then subjected to CCK8 assay to yield dark toxicity results, or exposed to light irradiation to assess the phototoxicity. All cells were first incubated in a 96-well plate, then washed with PBS buffer twice before light irradiation at a power density of 250 mW/cm^2^. After incubation for another 24 h, 10 μL of CCK8 was added into each well, and the incubation continued for 3 h. The absorbance of solution at 450 nm was detected using a Multiskan GO Microplate Spectrophotometer (Thermo Scientific, USA).

Calcein-AM/propidium iodide (PI) Dual Fluorescence Stain
--------------------------------------------------------

Calcein-AM/PI dual fluorescent assay was used to differentiate the live and dead cells according to the protocol. After different treatments, the mixture of calcein-AM (2 μM) and PI (5 μM) was added to the cells and further incubated for 20 min at 37 °C. Fluorescent images were visualized under fluorescence microscope (IX71, Olympus, Japan). Randomized microscopic fields were selected to count the percentage of the live (calcein-positive) and dead (PI-positive) cells.

Flow Cytometry Analysis of Apoptosis and Necrosis
-------------------------------------------------

The proportion of apoptotic and necrotic cells were quantified using Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) dual staining. Briefly, HepG2 cells were exposed to increasing concentrations of nanodots or increasing time of irradiation and further incubated for 12 h. The cells were then washed twice with PBS and harvested after digestion with trypsin. The cells were centrifuged and resuspended in 100 μL of binding buffer. They were then stained with 5 μL Annexin V-FITC and 10 μL PI for 15 min in the dark at room temperature, then analyzed using flow cytometry (BD, CA, USA) within 1 h.

Mitochondrial Membrane Potential (ΔΨ~m~) Measurement
----------------------------------------------------

The ΔΨ~m~ of cells was detected by JC-1 mitochondrial membrane potential probe in accordance with the manufacturer\'s protocol. Briefly, after different treatments, cells were incubated with 2 μg/mL of JC-1 for 20 min at 37 °C. After washing twice with PBS, the cells were observed using fluorescence microscopy.

Immunoblot Analysis
-------------------

The total protein was extracted using a RIPA lysis buffer. The cytosolic protein and mitochondrial protein were extracted using a mitochondria and nuclear protein extraction kit, respectively, according to the manufacturer\'s protocol. The concentration of each sample was determined using a BCA protein assay kit. Briefly, equivalent amounts of protein were loaded for SDS-PAGE and transferred onto PVDF membranes (Millipore, Bedford, USA), which were then blocked with 5% non-fat milk for 1 h. Primary antibodies were incubated overnight at 4 °C. Subsequent to incubation with HRP-conjugated secondary antibodies, immunoreactivity was detected using ECL substrate and recorded using ChemiDoc imaging system (Bio-Rad, Hercules, USA).

*In vivo* PDT Efficacy of T-TPETS Nanodots
------------------------------------------

When the tumor size reached \~60 mm^3^, HepG2 tumor-bearing mice were divided into 4 groups (n = 9, in each group): (1) PBS (125 μL); (2) nanodots only (125 μL, 30 mg/kg); (3) laser only (450 nm, 250 mW/cm^2^, 10 min); (4) nanodots plus laser (450 nm, 250 mW/cm^2^, 10 min). The nanodots were administrated for only a single time, and laser irradiation was performed 12 h after injection. Three days after different treatments, 3 mice from each group were sacrificed, and the tumors were excised for further study. Tumor sizes were measured for 14 days after treatment and the survival time of the rest of the mice in each group (n = 6) treated with the same method were recorded every week.

Hematoxylin and Eosin (H&E) Staining
------------------------------------

Tumors and major organs were fixed using 10% formalin for at least 24 h. Samples were then paraffin-embedded, and slices were stained with hematoxylin-eosin (H&E). Histopathological changes were observed using optical microscopy (Olympus, Japan).

TUNEL Assay
-----------

Apoptosis of mice tumor tissues at 72 h after treatments were assessed using a one-step TUNEL apoptosis assay kit. The paraffin-embedded sections of the tumors were deparaffinized and treated with 20 μg/mL of proteinase K at 37 °C for 10 min. After rinsing, sections were incubated with TUNEL reaction mixture for 1 h at 37 °C in the dark. DAPI was used to stain for the nuclei of cells. Fluorescence images were acquired using fluorescence microscope.

*In Vivo* Biosafety Analysis
----------------------------

Healthy male Balb/c mice were divided into 2 groups (n = 4, in each group). One group of mice was intravenously injected with 250 μL nanodots (5 mg/mL) and the other group treated with PBS was used as control. At 7 days after administration, the mice were anaesthetized and their blood samples were collected for blood chemistry tests. Subsequently, the main organs of the mice (heart, liver, spleen, lung, kidney, brain, muscle, and intestine) were harvested and stained using H&E for histological observations.

Statistical analysis
--------------------

SPSS 23.0 software (SPSS Inc., Chicago) was used for statistical analysis. Quantitative data were expressed as mean ± SD. ANOVA analysis and Student\'s*t* test were utilized for statistical contrast. *P* \< 0.05 was considered statistically significant. Survival curves were compared using log rank analyses.
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![The schematic illustration of image-guided PDT mediated by cRGD-modified TPETS (T-TPETS) nanodots in xenograft tumor model. The T-TPETS nanodots are administered systemically. After a period of systemic distribution, the nanodots selectively accumulate into the tumor *via* both passive targeting (enhanced permeability and retention effect) and active targeting (receptor-mediated endocytosis). Upon light irradiation, the fluorescence depicts the tumor outline. Further irradiation activates the nanodots and trigger a photochemical reaction to result in the production of ROS. Irreparable damage induces tumor cell death *via* an apoptotic and/or necrotic pathway.](thnov09p1264g001){#SC1}

![Fabrication and characterization of T-TPETS nanodots. (A) Schematic illustration of T-TPETS nanodot formation and surface modification with the target moiety of cRGD. (B) Hydrodynamic size distribution and morphology of T-TPETS nanodots as detected by DLS and TEM, respectively. (C) UV-vis absorption (red) and emission (blue, λ~ex~ = 430 nm) spectra of T-TPETS nanodots. (D) The decomposition of ABDA by T-TPETS nanodots and Ce6 NPs; *A~0~* and *A* are the absorbance of ABDA in the presence of T-TPETS nanodots or Ce6 NPs at 378 nm before and after irradiation at the power density of 50 mW cm^-2^, respectively.](thnov09p1264g002){#F1}

![Targeted imaging and subcellular localization of T-TPETS nanodots*in vitro*. (A) Confocal images of MCF-7, L-O2, and HepG2 cells after incubation with the nanodots (5 μg/mL) for 4 h. Red fluorescence is emitted by the nanodots. Blue fluorescence labels the nuclei, and green fluorescence labels the cytoskeleton. Scale bar: 20 μm. (B, C) Quantitative analysis of the fluorescence intensity of MCF-7, L-O2, and HepG2 cells using flow cytometry after they were incubated with the nanodots (5 μg/mL) for 4 h. ^\*\*^*P* \< 0.01. (D) Co-localization of the nanodots with lysosomes. Scale bar: 10 μm.](thnov09p1264g003){#F2}

![Hemocompatibility, tumor imaging, biodistribution and pharmacokinetics of T-TPETS nanodots *in vivo.* (A) Hemolysis of red blood cells in the presence of nanodots with various concentrations at preset time. PBS and distilled water were used as negative and positive controls, respectively. Inset: Optical photograph showing the extent of hemolysis after the sample centrifugation. (B) Non-invasive fluorescent images of the tumor-bearing mice after intravenous injection of the nanodots (30 mg/kg) at different time points. The white circles indicate tumor sites. (C) Non-invasive fluorescent images of the tumor-bearing mice at 8 h after intravenous injection of the nanodots (30 mg/kg) without and with receptor blocking. (D) Semi-quantitative biodistribution of the nanodots in mice with and without blocking the receptors with cilengitide. Error bars are based on 3 mice per group. ^\*\*^*P* \< 0.01. (E)*Ex vivo* fluorescence imaging of the mice tumors and various organs at 8 h post-injection of the nanodots (30 mg/kg) without or with receptor blocking. (F) Pharmacokinetics of the nanodots in the bloodstream at different time points post-injection. Data are expressed as mean ± SD (n = 3).](thnov09p1264g004){#F3}

![Phototoxicity effect of T-TPETS nanodot-mediated PDT *in vitro.* (A) Detection of the intracellular ROS production after the nanodot-mediated PDT in HepG2 cells. Cells were incubated with 5 μg/mL T-TPETS nanodots for 4 h and followed by light irradiation (450 nm, 250 mW/cm^2^) for 3 min. Scale bar: 50 μm. (B) The viability of HepG2 cells pretreated with different concentrations of the nanodots, followed by a 3-min irradiation (450 nm, 250 mW/cm^2^). (C) The viability of HepG2 cells incubated with 5 μg/mL of the nanodots, which were then subjected to different irradiation time. Data represent mean ± SD, n = 3. (D, E) Semi-quantitative analysis of selected microscopic fields by calcein-AM/PI staining after a 12-h exposure to PDT. Data are presented as percentage of live and dead cells. (F) Flow cytometry analysis of the effect of increasing nanodot concentration or irradiation time on two different cell death modalities (apoptosis and necrosis) in HepG2 cells. The right lower area (Annexin V-FITC- positive, PI-negative cells) indicates apoptotic cells. The right upper area (Annexin V-FITC-positive, PI-positive cells) indicates necrotic cells.](thnov09p1264g005){#F4}

![ROS generation, lysosome disruption, cytochrome-c release, as well as caspase-9 and caspase-3 activation, following PDT based on T-TPETS nanodots (NDs) on HepG2 cells. (A) Detection of ROS generation and lysosome integrity in response to low intensity nanodot-mediated PDT. Cells were incubated with nanodots at 5 μg/mL, followed by laser irradiation (450 nm) at 250 mW/cm^2^ for 2 min (equal to 30 J/cm^2^). Scale bar: 20 μm. (B) Effects of low intensity nanodot-mediated PDT on mitochondrial membrane potential (ΔΨ~m~). Cells were incubated with nanodots at 5 μg/mL, followed by laser irradiation (450 nm) at 250 mW/cm^2^ for 2 min (equal to 30 J/cm^2^). Scale bar: 20 μm. (C) Western blot analysis of cytochrome c release (left) and three separate blots used for quantitative analysis (right). Cells were incubated with 5 μg/mL nanodots for 4 h, followed by varying irradiated durations (450 nm, 250 mW/cm^2^). (D) Western blot analysis of caspase-9 and caspase-3 activation after various treatments.](thnov09p1264g006){#F5}

![Antitumor efficacy of T-TPETS nanodots *in vivo*. (A) Representative photographs of xenografted and dissected tumors after different treatments. (B) Tumor volume at different time points post-treatment in 4 groups (n = 3 per group). Data represent mean ± SD. (C) Average tumor weight after 14 days of treatment. Data represent mean ± SD. (D) H&E staining for pathological changes in tumor sections (upper row). TUNEL staining (green) for apoptotic level in tumor sections (lower row). Scale bar: 50 μm. (E) Survival curves of tumor-bearing mice in 4 groups with different treatments (n = 6 per group). ^\*\*^*P* \< 0.01.](thnov09p1264g007){#F6}
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